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3. 1.—Left: High-quality subset of PLANET photometry for
_G-28 spanning a 300 day period and consisting of 431 I-band points
m) and 155 v-band points (top) from three PLANET observing sta-
in Tasmania, Chile, and South Africa, shown with baseline points
the following season. Light curves for our best-fitting limb-darkened
1(LD2) are superimposed. Right: An enlargement showing the 30 day
i near the peak.
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n Tasmania, Chile, and South Africa, shown with baseline points
the following season. Light curves for our best-fitting limb-darkened
(LD2) are superimposed. Right: An enlargement showing the 30 day
near the peak.

easurements that deviated by 0.75 mag for constant
as bright as I = 14 was also excluded. This high-
'y subset of our data'? consists of 586 data points (431
d: 247 La Silla, 130 SAAO, 54 Tasmania; and 155
1d: 98 La Silla, 41 SAAO, 16 Tasmania) and is dis-
d in Figure 1.

2.2. Spectroscopy

1997 May 31, prior to the anomalous peak of
HO 97-BLG-28, red and blue spectra were taken of
ource star by M. Sahu using the high-throughput
>C (ESO Faint Object Spectrographic Camera) on the
3.6 m telescope at La Silla, Chile. The camera has both

ng and spectroscopic capabilities, and can hold five
g8 Simn]fﬂnﬂﬁ“Q]V [\Ja) that multinla crantral

4000 5000
Wavele

F1G. 2—Flux-calibrated combinec
EFOSC on the ESO 3.6 m. The spec
was taken before the anomalous peal

magnified.

resolution of about 260 km s~
tion feature near 5890 A. The k
velocities is 9.5 km s~ !, which
resolution of the spectrum.

2.3. Radius and Spectr:
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FiG. 5.—Configuration of binary lens and trajectory of the extended
source on the sky from the two-parameter limb-darkening model. The lens
caustics are shown as the closed, pointed shapes in the cemter and at the
right side of the diagram. The path of the source is indicated by the straight
parallel lines; the distance between the two outer parallel lines corresponds
to the source width. Lens positions are shown as crosses; M, is the heavier
of the two. All distances are in units of the angular Einstein radius.
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F1G. 5.—Configuration of binary lens and trajectory of the extended
source on the sky from the two-parameter limb-darkening model. The lens
caustics are shown as the closed, pointed shapes in the center and at the
tight side of the diagram. The path of the source is indicated by the straight
parallel lines; the distance between the two outer parallel lines corresponds
to the source width. Lens positions are shown as crosses; M is the heavier
of the two. All distances are in units of the angular Einstein radius.
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Dominik (1998). The multisite, multiband baselines were
allowed to vary independently in the fitting process; thjg
photometric alignment resulted in relative multisite offsetg
of 0.007-0.065 mag in our best model.

In general, it is a difficult task to find a minimum in a high
dimensional parameter space. However, in this case, nearly
optimal values for some parameters could be found by first
searching in lower dimensional subspaces. The six baselines
could be estimated from the latest data points and thep
fitted with a point-lens model together with the parameters
1y, tg, tp, and the two blending parameters, using the data
points outside the peak region. We thus began fitting the
binary-lens extended-source models only after we had good
guesses for 11 of the parameters. Parameters from the
uniform-source fit then provided us with good initial esti-
mates for a total of 15 parameters, requiring only two or
four additional parameters when including limb darkening,

Our best fit was achieved for a two-parameter limb-
darkening model (LD2), and yielded a x2,, of 1913 for the
567 degrees of freedom (dof). This model is displayed in the
left panels of Figure 4, and its fit parameters are listed in
Table 1. If the LD2 model is indeed the best representation
of the data, then the reduced y2,,/dof = 3.374 is an indica-
tion that the DoPHOT uncertainties are on average under-
estimated by a factor of ~ 1.8, consistent with our previous
experience (Albrow et al. 1998).

The corresponding source trajectory and caustic struc-

TABLE 1
PLANET MobEL PARAMETERS FOR GALACTIC BULGE EvENT MACHO 97-BLG-28

ForMAL DOPHOT ERROR BARs FRAME-QUALITY ERROR BARS

PARAMETER LD2 LD1 UB LD2 LDt UB
Hoip correeemvorranrreniienieens 1913 1930 3255 264 281 450
Number of dof................. 567 569 571 667 669 671
Number of parameters...... 19 17 15 19 17 15
tg (days) cocoeiiiiiniiinininnn, 273 272 26.1 213 273 26.1
o (days) .cocvvveicininnnnnans 895.58 895.58 895.63 895.58 895.58 895.63
By ceerniiiariiitiaerieeaaaans 0.0029 0.0030 0.021 0.0029 0.0034 0.021
Aeriieiiiiiiiiciierirraenaans 0.686 0.687 0.678 0.686 0.688 0.680
G oreittennnniineienniresneeonaas 0.234 0.232 0.277 0.234 0.231 0.276
B eneinroneaniasonennranansenenan 1426 1.424 1.406 1427 1.422 1.419
St cersenicniiiiiiiiesiienaenas 0.97 0.98 0.98 097 0.98 0.96
Sy erririeree et 0.84 0.84 0.85 0.85 0.88 0.87
Pu crerrrrrenorniiniiiieie, 0.0286 0.0287 0.0296 0.0286 0.0289 0.0295
G virerneeevieeisiaensaaaaannas 0.40 0.75 0 0.38 0.83 0
Cp vreneiercnritriiiaiaeeneaaas 0.55 092 0 0.55 0.95 0
Bpeeeiiiiiiiiiiiiiiiiiinan, 0.37 0 0 0.38 0 0
By oo, 0.44 0 0 0.43 0 0
ME e, 15.632 15.633 15.620 15,630 15.631 15.597
M e, 15.643 15.644 15.631 15.643 15.645 15.609
MIGT e treneaieaaieen 15.708 15.703 15.727 15.697 15.697 15.673
MEY i, 17.899 17.898 17.889 17.909 17.930 17.900
MY v, 17.906 17905 17.903 17.914 17.938 17.903
MG eerterireeerne e 17.926 17.918 17.965 17.947 17.959 17.968

Note.—Listed are the model parameters for two-parameter limb-darkened (LD2), one-parameter limb-darkened
(LD1), and uniformly bright (UB) source models. The first three columns indicate fits of high-quality data with
DoPHOT-reported error bars; the last three columns list fits of all data with empirical “frame quality” uncer-
tainties, based on typical scatter for similar brightness stars on individual frames. The baselines m,, refer to the total
modeled flux (source + blend) at the given observing site (L. = LaSilla, $ = SAAO, T = Tasmania) and in the given

band ( or V),
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extended size of the source is characterized by an additional
Parameter, p, = 6, /0g, the angular radius of the source in
units of the Einstein radius. Finally, the light-intensity
profile of the source may be limb darkened rather than
uniform over the stellar disk. We adopt a limb-darkening
law of the form

I(8) = I(O)[1 — ¢;(1 — cos §) — dy(1 —/ cos ], (2)

Where § is the angle between the normal to the stellar
Surface and the line of sight. The coefficients ¢, and d, are

\eNtaveIength dependent, requiring an additional 2n param-
ers,

The inclusion of all these effects thus requires 7 + k + 3n
fit parameters. For the three PLANET sites, each observing
MACHO 97-BLG-28 in V and I, k =6 and n = 2, thus
necessitating 19 parameters in the full model.

3.1. Fitting the Model to the Data

We fit three different extended-source binary-lens models,
with either a uniform source or a one- or two-parameter
limb-darkened source, to the combined high-quality data
set of 586 CCD frames (§ 2.1) using the formal uncertainties
reported by DoPHOT. Details of calculating the light
curves for such models can be found in the work of

T = ma B oEey
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Silla, Tasmania, and SAAO) is apparent. Left: Residuals for our best-fitting
two-parameter limb-darkening model (LD2). Right: The same, but for the
uniformly bright source model (UB).

significance of the LD2 model over the LD1 model is thus
determined by the 8.2% probability of obtaining by chance
a Ayl > 5 improvement with 2 additional degrees of
freedom, corresponding to a marginal 1.7 o detection of a
surface profile that deviates from the one-parameter limb-
darkening law in both bands. This marginal improvement
indicates that the inclusion of additional profile-fitting
parameters beyond those included in the LD2 model is
unlikely to result in a significantly better fit; the LD2 model
contains all the information that we are able to pull from
this data set about the source profile.

The large difference in Ay2,, between the limb-darkened
and uniform bright models is not due solely to the cusp-
crossing portions of the light curve. Since the model param-
eters are correlated, even those parameters unrelated to the
source profile differ between the uniform source model and
the limb-darkened models, as inspection of Table 1 indi-
cates. Interestingly, the limb-darkened models always
required a smaller photometric offset between sites in both
bands. The uniform-brightness model apparently attempted
to match the observed shape of the light curve at the limb
by adjusting the photometric offsets slightly, hindering the
x? performance of the UB model elsewhere in the light
curve. The clear signature of limb darkening is revealed
only with high-precision data during the few hours when
the limb of the star is grazing the caustic; high-quality data
over the whole of the light curve is required, however, to
obtain a full and accurate microlensing solution.

4.1, Robustness of the Measurement

Another test of the reliability of our limb-darkening
parameters is provided by fits we performed on the full data
set, including the poorer quality frames, but now estimating
the photometric uncertainties empirically, so that the size of
the error bar scales with the overall frame quality. Specifi-
cally, we set the uncertainty of the event magnitude on a
given frame to be equal to the average deviation of all simi-
larly bright constant stars from their average magnitude.
We also eliminated the baseline points taken in 1998 in
order to test whether the availability of a long temporal
baseline was important to our conclusions about limb dark-
ening. The resulting x%,;, and fit parameters are given in
the last three columns of Table 1 for the three source

ALBROW ET AL.
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models. The value of ¥2,;, now appears to be too small,
primarily due to the fact that 97-BLG-28 is less crowdeg
than a typical star of its brightness, so that the frame.
quality uncertainties are overestimates of its true photg.
metric scatter. What is important to note is that the
uniformly bright source is again strongly ruled out and tha;
all model parameters are left almost entirely unaffected by
this alternate selection and treatment of the data, demon.
strating the model’s robustness.

Both of the simpler models are special cases of the LD)
family of models: the LD1 model requires the lLimb-
darkening parameter d, = 0 in both I and V, while the UB
model sets ¢; = d; = 0 in both bands. This means that our
LD1 and UB models, which correspond to points on the y
hypersurface over restricted portions of the LD2 parameter
space, also correspond to points on the full LD2 x? hyper-
surface. The probability of obtaining a renormalized y* that
is larger than that of the LD1 solution is greater than 10%
for both the DoPHOT and frame-quality methods of esti-
mating relative photometric uncertainties; the probability
of obtaining a renormalized 2 larger than that of the UB js
negligibly small.

We conclude that the two-parameter limb-darkening
model is clearly superior to the uniform source model and
marginally superior to the one-parameter limb-darkening
model. We now adopt it as our best model and use it to
derive the physical parameters for the lens and the surface
brightness profile of the source, which we now compare to
expectations from stellar atmosphere models.

4.2. Comparison to Stellar Atmospheric Models

As we discussed in § 2, both spectroscopic and photo-
metric considerations indicate that the source star of
97-BLG-28 is a K giant in the Galactic bulge, with K2 III
being the most probable type. The fits to our photometric
data discussed in § 3 yield the limb-darkening coefficients c,
and d, for the V and I bands separately. The corresponding
surface brightness profiles for the source star, normalized so
as to give a total flux equal to unity, are shown in Figure 8
for our LD2 model of the high-quality photometric data set
using DoPHOT estimates for the relative photometric
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in the Cousins I and Johnson V-bands based on atmospheric models for
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speed v ~ 200 km s~ !. At maximum magnification, (x, = f = 0.2) the phase of
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Einstein ring is ~ 300 AU.

The light curve in Figure 2 looks suspiciously like a Iensin§
event. Nevertheless, because the beginning of the “event
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Einstein ring is ~ 300 AU.

The light curve in Figure 2 looks suspiciously like a lensing

event Neverthelece hasnsin~ sbha Lot



—.
@)

' ~
M z0.2/ s
feI///%y; Tj_i
| 32
—150 505 800 &
D - 2449000 850
| ] r'ﬂur"_glo
38
36
4
) =42
S R U RN [ I |.|::Lq
50 100 50 500 800 85
JD =~ 2449000 0

l q ? ? ?\/lao Wnoog gffligflgrﬁ.rolen%oeuveﬁteto%r; Carina
400 600 800 1000 400 600 800 1000

i T |1[I||||

B 1—15 -

.20

LS

-

1200 1400 1200 1400
J.D.—2450000 J.D.—2450000



0 -
@]

S

[AV]

e bbb o
(®))]

. L

T R R e Lo
0 100 150 200 800 850
JD — 2449000

1() I ':"' r ! b L l_: 1()

< 36

4

= ) . =2

nill IS RS R TE S R B
50 100 150 200 800 850
JD — 2449000

20 S. Mao: An ongoing OGLE parallax microlensing event toward Carina
400 600 800 1000 400 600 800 1000
T T T 1 I B A S I R 1“! =T T T ] 7.
- Tl S 18 F V15 gp 2
16.5 = by e —E = i -
- 118.5 [ vV -
17 — - - :
- S 19 F =
1_f7 .ES o 3 T ~ ® N ~
18 ° B 195 BT B

1200 1400 1200 1400

J.D.—2450000 J.D.—2450000



Plata 1



Satellite

o AX = dSat

z‘s Earth

Time at Saiellite (days)
18 26 34 42 50 58 66

22 30 38 46 54 62 70

3 NRAERNRARRNRRRRNRRRRE

————
-
-

N
6)
Illlllrllllirﬂl

IIIJIL]!IHI L1

-

" Satellite ™~ __
PN ENE TRENE FRNTE FNREE Riwis
30 40 50 60 7C
Time at Earth /dny<?

Hyp Obs

~~

P

e

r —_ sal







100

50

-100

_IlllllllllIJJIIII|II|1|I|

IIIllllllllllllllll'l|lll

-100 -50 0 50 100
uas



Mass fractional error BW
0.16 ' :
0.14 w - 5- b VY 4
0.12 . - o S
0.1 : | - ol 02 ’
0.08 T-f}—= = mbeta=0.4
0.06 +-i—g—# LS - Z — / 5’
0.02
0 '
0 05 1 1.5
Mass
Distance fractional error BW
0.16
0.14 =
0.12 | | |
0.1 = - . 2
000 2—w : Monny
008 I-—g—H
0.04 +-0 . ' :
0.02
0 v
0 0.5 1 15
Mass
Parallax fractional error BW
0.042
n
0.04 =
B = ®
0.038 - &
m e o beta=0.2
0.036 1--—¢—¢ 2 beta=0.4
0034 1~
*
0.032
0.03 -
0 05 1 15
Mass




3.5

Log (dN/dM) + const

1.5

: ® Bulge (this work)

| ADisk (R&G 1997)

m Disk (Gould et al. 1997)

a=-—1.33£0.07 |

-0.4

~0.6
Log (M/M,)



-}

Mass fractional error LMC

0.14
0.12 :
0.1
0.08 - o betax=0.2
| |
o.oe-—'-—'—' 4! mbeta=0.4
0.04 +-§ ' o $
0.02
0 v
0 05 1 15
Mass
Distance fractional error LMC
0.14
0.12 .L
0.1
0.08 3 f o beta=0.2
ooe-—|—i—. $ m beta=0.4
ool LA RO
0.02
0 v
0 05 1 15
Mess
Parallax fractional error LMC
0.29
027 — i
025 l_l Y
om..l 9 ‘ :
021._‘_1 . :h". u'i
01982 beta=0,
01742 o
0.15
0.13 v
0 05 1 1.5

250 Hpoks

V=20



I (mag)

1 1] i i I 1 1 ¥ 4 I

Close Binary

17 —
L e Wide Binary { -
. b -
I
" & " _
. X # -
Wl j :
= K‘ -
| | | _
" g -
- g -
19 2 /r;\i -
_ { 1 [ 2 i
YN -
v AN
1 1 I I I 1 | 1 ] I I-I
960 970 980 990

HJD-2450000.0



loo L] T T ' T ¥ |} I 1 1 T l T 1 Ll
Close Binary

lllllllll Illllllll

'r"l"ill lllllllll

T T T — Y T | T T T T T T T

- Wide Binary -

vlillllll ALAS RARL

Y
¢

— 1()() 771 A 7;1 _ ] 1 717 1 Vlw 7 1 1 VI | 1 1 i} 1
400 600 - 800 1000 - 1200

NG/ + t,




6., (p.—arcsec)

—
o
T -
=
-
—
-
-
o
.
] _—
ol
T 1
ad -y
- )
- .
Vhﬁr -
=
L
|
S
S
=
-
-
e
-
amad —

66,, (u—arcsec)



_40 | 10 :T L | I ] 1 ] ) ' 1 ] ) § ¥ T | ) | T ] T L]
I 5
- F
-60 |- OF
I 5 F
I-— .10 :l 1 I X 1 1 1 l 1 e 1 8 I 4§ 1 4 |*'~-l— Iy ']
—80 r 40 .30 20 -10
i § I 1 I 1 l H 1 1 l ] 1 1 l i 1 l
-60 -40 -20 0 20 40

A66,, (u—arcsec)




514 SAFIZADEH, DALAL, & GRIEST

Vol. 522
|l"l_rlvl|7_"l|l|l|llll lll!l | ‘l_| T |7|J_, 4 150 T T T
- ] (a); L o
L ] ] a J
100 ] ] 100: / :
§ | ~3 1
) L d 1 —~ 50 a
¢ 1 ﬂ : g |
~ Ot- 1 < ~ [ ]
> > 0 -
- ‘j 2 L ﬁ
i ] i ]
-100 [ —s0r
I i + 1
r j
T T T ik N IR s I 00t ; . L ]
-50 0 50 100 © 50 100 400 ~200 o 200 206
x (uas) t (days) x (uos)
Sl R R R § LN AR AR RS RRAN A 2 T 5
§ b S
( ) 6 RF IS :
‘E v E
g % :
s LI ..
> ~ " TNl
_ c. “‘5
| _2:5_ 3
[P PV P B E e e P P BN T £
-200-100 0 100 0 20 40 60 80100 : :
-200 -200 -100 0 100 200

x (uas) t (days)

UL L 'ql LA L AL A B L
50 |- u (c)qe
C ] a5
g C ] 14
I ] ] =
>_50 &_ __ a 3
- ] 32
-100 -~ ]
Coe o 1 5 o0 1 i T ST 1
0 200 0 50 100
x (uas) t (days)

FiG. 2—Some examples of planetary astrometric and photometric
curves. All examples assume g = 10~3, with a primary lens angular Ein-
stein radius of 550 uas, which corresponds to a Saturn-mass planet. Panel
(a) has u, = 1.3, panel (b) has u, = 0.7, and panel (c) shows a caustic
crossing event with u, = 1.3, The time axis is scaled so that £ = 40 days,
and squares are plotted one per week, so the durations of the deviations are
of order 1 week. The dots are plotted every 12 hr during the deviation.

shorter length of time than in Figure 2c. Figure 3b shows a
close-up of the effects that finite sources can have on the
astrometric planetary signal. Depicted are the astrometric
motion for stars of radius 1, 3, 5, 9, and 30 R, traversing the
same path in the source plane as in Figure 3a. As expected,
increasing the source size smears out the signal, so that for
30 R, the deviation is entirely washed out. Notice, however,
that for 3 and 5 R, the signal is easily visible, meaning that

x (uas)

F16. 3.—Astrometric motion for Earth-mass caustic crossing. Panel (a)
shows the center-of-light motion for a point source, crossing a caustic
associated with an Earth-mass planet at u, = 0.825. The primary lens is 0.3
Mg at D, = 4 kpe, and source at D, = 8 kpc. Panel (b) shows a close-up
view of the planetary deviation, with finite-size source. The dotted line
plots the CoL motion for a 1 R, size source. The solid lines depict the CoL
motion for more realistic sizes typical of Galactic bulge stars, respectively
3, 5,9, and 30 R. Note the extreme anisotropy of the axes on the graph.
For f = 40 days the duration of the deviation is about 20 hr, with the
center of the source spending roughly 90 minutes inside the caustic.

Earth-mass planets can in principle be detected using this
technique.

4. PROBABILITY OF PLANET DETECTION USING
ASTROMETRIC MICROLENSING

The possibility and probability of detecting planets with
photometric microlensing have been explored by several
authors (Mao & Paczynski 1991; Gould & Loeb 1992;
Wambsganss 1997; Bennett & Rhie 1996; Peale 1997;
Sackett 1997; Sahu 1997; Griest & Safizadeh 1998) and was
found to be substantial. We wish to compare astrometric
microlensing with these studies. In most of these studies,
numerous light curves were generated for a range of planet-
ary masses and projected orbital radii, and some simple
detection criterion was established. In a realistic experi-
ment, fitting of the planetary light curve would need to be
performed and the planet mass determined before a planet
detection was established, Parameter extraction with
astrometry will be discussed below, but in the following
section we will just use simple detection criteria analogous
to those used in previous studies. We define as a detectable
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